ABSTRACT: The capacity of fluorescent colloidal semiconductor nanocrystals for commercial application has led to the development of nanocrystals with nontoxic constituent elements as replacements for the currently available Cd-and Pb-containing systems. CuInS 2 is a good candidate material because of its direct band gap in the nearinfrared spectral region and large optical absorption coefficient. The ternary nature, flexible stoichiometry, and different crystal structures of CuInS 2 lead to a range of optoelectronic properties, which have been challenging to elucidate. In this Perspective, the optoelectronic properties of CuInS 2 nanocrystals are described and what is known of their origin is discussed. We begin with an overview of their synthesis, structure, and mechanism of formation. A complete discussion of the tunable luminescence properties and the radiative decay mechanism of this system is then presented. Finally, progress toward application of these "green" nanocrystals is summarized.
T he tunable optoelectronic properties and large surface area of colloidal semiconductor nanocrystals (NCs) hold great potential for a variety of applications including solar energy capture, catalysis, and biomedicine. 1 Rapid progress in this field has led to precise control over the fabrication of NCs and, in the case of CdSe, their use in commercial display technology. 2, 3 However, the focus of early work has largely been on Cd-or Pb-based NCs. These model II−VI systems contain the toxic heavy metals Cd or Pb, limiting their broad use in commercial applications. 4 Therefore, NCs with similar properties but less toxic constituent elements are desirable.
Copper indium sulfide (CIS) represents a promising alternative to the II−VI systems. It has a direct band gap in the visible region (E g = 1.5 eV), 5 a large optical absorption coefficient (α > 10 5 cm −1
), 6 and high photostability. 7 Furthermore, CIS NCs have been reported with tunable fluorescence covering the near-infrared (NIR) and visible spectral region, 8 high quantum yield (QY), 9 long luminescence decay time, 10 and a large Stokes shift. 11 This has resulted in significant interest from the scientific community, who hope to exploit these properties.
CIS is often touted as a "green" or "safer" alternative to II−VI NCs. In is considered to be of low toxicity, 12 and Cu toxicity in humans requires much higher concentrations than Pb or Cd. 13 It should be noted that in some aquatic ecosystems, Cu ions can be more toxic than Pb, 14 and as such the ecological fate of any commercial product containing CIS should be considered carefully.
The chemistry of I−III−VI 2 NCs can be particularly complex because of the different properties of the two cations. In the case of CIS, the ionic radii of Cu + (77 pm) and In 3+ (80 pm) are similar; 15 however, as soft and hard Lewis acids, respectively, their bond lengths to sulfur and reactivity are distinct. Additionally, the composition of individual nanoparticles within the synthesized ensemble can differ, causing variability in the optoelectronic properties observed. 16 To harness the potential of CIS NCs, a complete understanding of the relationships between structure and properties must be developed. This Perspective reports the optoelectronic properties of CIS NCs and summarizes current knowledge regarding their origin. A brief overview of synthetic strategy is presented, followed by a complete discussion of the crystallographic structures accessible to CIS and the mechanism of their formation. Progress toward understanding the optical properties of CIS NCs is then reviewed, and the approaches used to tune these properties are reported. The applications of CIS NCs in photocatalysis, optoelectronic devices, and biotechnology are also described. Finally, we consider the current challenges faced in this field and suggest possible areas for future work.
A wide variety of synthetic techniques have been used to produce CIS NCs and have been reviewed thoroughly elsewhere. 17 The syntheses of ternary NCs can be particularly challenging because of the distinct reactivity of the two cations. In the case of CIS, In 3+ is a hard Lewis acid, whereas both Cu + and S 2− are soft in character. Therefore, if the reactivity of Cu + toward sulfur sources are attenuated, the formation of copper sulfide impurities can be observed. 17 Balance can be achieved by selecting two cationic stabilizers to control the reactivity of each cation (e.g., a thiol and a carboxylic acid control Cu + and In 3+ , respectively) 8, 18 or performing the reaction in an excess of Cu + stabilizer (e.g., using a thiol as both solvent and ligand). 10, 19 Alternatively, a single source precursor can be used, causing the simultaneous release of equimolar amounts of Cu and In ions, 20−22 thus promoting the formation of CIS over any competing binary compounds.
Bulk CIS has the chalcopyrite structure, but CIS NCs have been reported to crystallize in three distinct crystal structures: chalcopyrite (CP), zinc blende (ZB), and wurtzite (WZ) (panels a, b, and c of Figure 1, respectively) . 22, 23 The microstructure of CP has been well-studied and has a significant impact on the optoelectronic properties of CIS NCs with this structure.
5,24 CP I−III−VI 2 materials exhibit cation ordering ( Figure 1a ) with each S atom surrounded by two In and two Cu atoms. The different bond lengths (R Cu−S ≠ R In−S ) cause anion displacement from a close-packed arrangement, leading to a tetragonal distortion of the crystal lattice. The structural complexity of I−III−VI 2 CP semiconductors results in a low band gap energy 24 and an abundance of intrinsic defects, 5 causing their characteristic broad emission, in comparison to the II−VI ZB analogues. 11 In addition, deviations from 1:1:2 I:III:VI stoichiometry allow the growth of both n-type and p-type NCs, which have been used to increase the efficiency of CIS-based photovoltaics, 25−27 and can influence the conductivity, 28 band gap, 11, 29 and luminescence properties 16, 26, 30 of the material. The ZB structure is analogous to CP with related lattice parameters, c CP = 2c ZB , but is cation disordered (Figure 1b) . Thus, in ZB NCs, cations can be easily exchanged for one another leading to compositions ranging far beyond those seen for CP with stoichiometries from Cu 3 InS 3.1 to CuIn 2.2 S 3.8 reported. 23 The flexible cationic ratio of ZB CIS can be advantageous for photovoltaic applications because the stoichiometry can be used to tune the optical band gap and form n-type and p-type NCs. However, the ZB polymorph is difficult to isolate, with typical syntheses resulting in the formation of both ZB and WZ, 7,31−34 and can be difficult to distinguish from CP. ZB and CP show similar lattice fringing in high-resolution transmission electron microscopy (HRTEM) (0.32 nm) and can be distinguished only by additional lowintensity reflections in the CP diffraction pattern (Figure 1d ). In the case of small NCs, broadening of reflections can prevent clear assignment.
In contrast, the WZ structure ( Figure 1c ) can be easily identified by both X-ray diffraction (XRD, Figure 1d ) and lattice fringing in HRTEM (0.34 nm). This structure is the hexagonal analogue of ZB with both consisting of a closepacked anionic lattice with one half of the tetrahedral interstitial sites filled by cations. Remarkably, the WZ structure is cation ordered. This was reported by Shen et al., who discovered a new form of crystalline order in NCs of CIS. 35 These "interlaced crystals" contain an uninterrupted, anionic lattice; however, within the cation sublattice, several types of Cu and In ordering were observed, forming distinct phases in interlaced domains. This ordering has important implications for phonon and electron transport in NCs of WZ CIS, because electronic motion is unaffected by interlaced phase boundaries, but phonons are likely to be scattered at these features.
Various mechanistic approaches have been used to form CP or ZB NCs; 19, 36, 37 however, high quality, monodisperse samples are typically prepared in organic solvents using "hotinjection" or "heat-up" methods. 17 In contrast, the mechanism of WZ formation appears to be more defined. In particular, a Cu 2 38 who noted that WZ CIS nanorods were formed by the nucleation of Cu 2 S nanodisks followed by epitaxial growth of CIS in the ⟨002⟩ direction. This finding was supported by Kruszynska et al. 33 who used a thiolate precursor to synthesize CIS NCs with a bulletlike morphology and reported that the formation of Cu 2 S−CuInS 2 hybrid nanostructures was an essential intermediate step in the growth of CIS nanoparticles. These examples both identified a biphasic growth system, in which CIS domains grew onto a Cu 2 S nanostructure. However, Kuzuya et al. 39 predicted an additional growth mechanism, in which platelike WZ CIS NCs are formed by intercalation of In 3+ into previously formed Cu 2 S plates. The mechanism was later demonstrated by our group when we identified a platelike Cu 2 S intermediate in the formation of WZ CIS.
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Phase selection for CuInS 2 NCs can be achieved through "heat-up", "hot-injection", or "template" synthesis methods. In "hot-injection" and "heat-up" techniques, ligand and metal/ sulfur precursor choice can be used to tune the crystal structure of the resultant NCs. 23 The bond length mismatch in CIS (R Cu−S ≠ R In−S ) leads to a high proportion of intrinsic point defects within the material. 5 Furthermore, the small size of the NCs necessitates a large surface area to volume ratio and a correspondingly high occurrence of surface defects. The defects in CIS NCs are the 50 and have been exploited to improve photovoltaic activity. 51 A complete discussion of plasmonic NCs is beyond the scope of this Perspective, but is reviewed elsewhere. 49 As in other luminescent ternary I−III−VI 2 materials, 11, 52 CIS NCs have a lower QY than their II−VI analogues because of the high proportion of defect-based nonradiative decay paths available. Emission also has a large full width at half-maximum (fwhm; 80−120 nm), a large Stokes shift from the band gap (200−500 meV) (Figure 2 ), 11 and a long decay lifetime of up to 500 ns. 10 All three features are significantly larger than the corresponding values for II−VI NCs, which exhibit band gap emission. It has been shown that these properties are not due to size inhomogeneity, but mainly to the distribution of vibrational states. 21 Luminescence from CIS is thus attributed to defect states.
The exact mechanism behind the radiative decay observed from CP CIS NCs has been the subject of much debate in the literature ( Figure 3 ). It is widely accepted that luminescence originates from an intrinsic defect within the NC structure. This was initially suggested by Castro et al., 21 who observed that the nature of the surface ligands did not affect the shape or position of the photoluminescence (PL) peak for CIS NCs, and confirmed by the work of Li et al., 10 who noted an increase in both QY and fluorescence lifetime on overcoating CIS NCs with a ZnS layer. The involvement of a 2-fold degenerate band edge state, identified by transient absorption spectroscopy, was also reported by Li et al., 10 which was assigned to the electron. Li et al. concluded that the luminescent transition was from the conduction band (CB) to a localized intragap state. This conclusion was, however, inconsistent with the work of Castro et al. 21 and others 26,53−55 who identified a donor− acceptor pair (DAP) as the origin of the emissive transition. Further incongruous observations were reported by Omata et al. 56 and others, 57 who observed experimental data consistent with a transition between a localized state and the valence band (VB). The observation of size-tunable emission from CIS NCs ( Figure 4 ) provides strong support for the argument that luminescence comprises an optical transition between a quantized level and a defect state. Supporters of DAP theory argue that if a trap state is positioned close to the valence or conduction band edge, a perturbation in the band energy (eg. confinement) could cause a change in defect energy. 53 Yet a number of ultrafast spectroscopy studies have been undertaken on CIS NCs, and results supported assignment of a radiative transition from, or to, a level within the energy bands. 57−59 In particular, Kraatz et al. 57 observed that the absorbing excited state was not depopulated by a dump laser and appeared instantly with the excitation laser, implying it originates in the CB of CIS. These data suggest some excited electrons undergo an ultrafast, nonradiative relaxation from the CB into a long-lived, highlying donor state. Thus, the radiative transition was assigned as a donor-to-VB transition. At this point no consensus has been At this point no consensus has been reached as to the radiative decay mechanism in CP CIS NCs.
reached as to the radiative decay mechanism in CP CIS NCs. Additionally, luminescence decay measurements by Li et al. 10 identified two different PL signals from CP CIS NCs, associated with two different energy bands at 670 and 700 nm. This is supported by numerous steady-state fluorescence experiments, which appear to show multiple emission bands from CIS NCs. 21, 54, 60 It was found that overcoating NCs with CdS eliminated the component with lower energy, suggesting the presence of a second radiative decay path associated with the NC surface. 10 To the authors' knowledge the presence of multiple decay paths has not yet been discussed completely in the literature.
In 2012, a first-principles study by Chen et al. 61 used density functional theory to calculate the transition energies of various point defects in CP CIS. Their work has since been used to identify the possible states responsible for luminescence. The most commonly implicated defect states are In Cu , V Cu , or V S , whose transition energies are in good agreement with experimental observations. However, recently Rice et al. 62 used magnetic circular dichroism to identify the presence of Cu 2+ within CIS NCs, attributing emission to these impurity atoms. The earlier work of Chen et al. 61 had omitted this possibility as well as In i and Cu i which have been identified as possible sources of luminescent decay in bulk CIS. 63, 64 To the authors' knowledge, the energies of these defects have yet to be calculated. It should also be noted here that cation-disordered ZB CIS NCs have been reported with luminescence properties similar to those of CP NCs. 9 If assignment of In Cu as the radiative defect state in this system is correct, fluorescence should not be observed from ZB samples, as this defect cannot exist in a cation-disordered system. This assignment cannot be completely discounted, because it is possible that the structure of these samples has been incorrectly identified or ZB samples contain a small proportion of ordered CP NCs. However, it is the authors' opinion that further work is needed here to establish the source of emission from CP and ZB CIS NCs.
The mechanism of fluorescence in WZ CIS NCs has yet to undergo the same level of study. Emission from this structure bears a number of similarities to that of the cubic structure; both materials have a broad photoluminescence peak (fwhm = 200 nm) with a large Stokes shift (∼200 meV) from the band gap (Figure 2a,b) and long lifetime (∼270 ns). 40 However, the WZ emission is lower in energy (1.3 eV) 40 than that of CP (1.4 eV) 5 and as of yet has not been tuned to different wavelengths. Recent work by the authors suggested that the defect responsible for this emission was indium-based with In i identified as the most likely candidate (Figure 3 ) (unpublished results). However, this study included only fluorescence spectroscopy and more could be learned using other techniques. A transient absorption study could prove particularly fruitful as similar work allowed a great deal to be learned from the CP material. 10 If assignment of the radiative transition in WZ CIS is correct, it should be possible to produce quantum confined NCs with tunable emission.
The ability to tune the optical band gap of CIS NCs is particularly appealing for photoabsorbing applications. This has been achieved for CP CIS NCs and was reviewed in a previous Perspective. 11 The authors noted that the band gap and correspondingly the luminescence properties could be tuned by adjusting the size, composition, and surface of CP NCs.
The effect of quantum confinement on semiconductor NCs, with size less than the Bohr exciton radius, is well-known. Confined NCs, also known as quantum dots, show an increase in the optical band gap with decreasing size. The reported Bohr exciton radius of CIS is 4.1 nm; 17 thus, NCs might be expected to show confinement effects up to a diameter of ∼8 nm. Xie et al. 8 reported CP NCs with sizes <2−20 nm and tunable absorption band edge from 450−900 nm (Figure 4a ). These results were in remarkably good agreement with the calculations of Omata et al., 65 who used the finite-depth-well effective mass approximation to predict the band gap of CP CIS NCs from 2−6 nm in size (Figure 4b ). The molar extinction coefficients for both this material and Zn−Cu−In−S NCs have also been determined across this size range. 66, 67 Furthermore, CP CIS NCs have been prepared with size-tunable emission wavelength ranging from 600 to 900 nm (Figure 4c ) and luminescence QY up to 18%. 9 Increases in both QY and range of fluorescence peak wavelength can be achieved by alloying or shelling samples with Zn. Confined WZ CIS NCs have yet to be reported but could extend the tunability of CIS emission deeper into the NIR.
The ternary nature of CIS allows further control over its band gap via adjustment of the cationic ratio (Figure 5a) . Control was first demonstrated by Uehara et al., 16 who tuned CP CIS NC composition from CuInS 2 to CuIn 3 S 5 by adjusting the concentration of Cu precursor present in the synthesis. While there was no change in NC size, a decrease in the wavelength of both NC absorption edge and fluorescence peak, corresponding to an increase in the band gap, was observed with decreasing Cu/In ratio. For bulk CIS, the valence band results from the hybridization of Cu d-orbitals and anion p-orbitals and has binding energy ∼2.5 eV. 68, 69 It has been shown for CuInSe 2 maximum of the material. 70 CIS has analogous band structure; thus, the increase in band gap on decreasing Cu/In ratio is attributed to a similar mechanism. Uehara et al. 16 also observed that the fluorescence intensity increased with Cu deficiency. They attributed the increase to the introduction of a radiative defect related to Cu deficiency. Similar results were reported by Chen et al., 26 who prepared samples with Cu/In = 0.3−2.9 and determined that the highest QY was obtained for samples with Cu/In = 0.7. Changes in QY were attributed to changes in defect concentration within the NC. Specifically, they suggested a DAP recombination mechanism, with the transition from V Cu to In Cu responsible for emission and noted that maximum QY occurred at a defect concentration of one defect pair per three units of CIS. It is unclear why Cu deficiencies lead to luminescent NCs in some syntheses, yet in others Cu deficiencies lead to plasmonic behavior and no luminescence.
The shelling of CIS NCs by ZnS and CdS has been very effective at increasing the QY in both CP CIS (typically 5−10% to 80%, 86%) 9,10 and WZ CIS (0.4% to >1%, 6.6%) (Figure 5b−d) (unpublished results). For WZ CIS, the reported improvements occur when exposure to Zn 2+ alloys the outermost layers of the NCs. 46 It appears that an alloyed shell is key, because when Zn 2+ is incorporated throughout the crystal, there is no photoluminescence. 46 Time-resolved photoluminescence studies found that surface alloying by Zn 2+ removed nonradiative recombination routes associated with surface states to improve the QY of WZ CIS. No increase in particle size was observed; thus, an additional ZnS shell was discounted (unpublished results).
For CP CIS, the story is much more complicated. Universally, researchers report that exposure to Zn 2+ causes a blue shift in fluorescence, with magnitude from ∼10−25 nm 10, 71 up to 130 nm, 72 depending on the extent of Zn incorporation. 54 The blue shift has been attributed to either Zn-alloying increasing the band gap of the material 60, 73 or cation exchange at the surface of the NC yielding a gradient alloy, resulting in a smaller CIS core, thus increasing the band gap through quantum confinement effects. 72 While a blue shift is also observed in the absorbance spectra, its relative magnitude can vary. In some cases, the blue shift in absorbance is of a size comparable to that of the luminescence, 54, 60, 71 but in other cases a much less significant change is observed. 54, 74 If the shift in luminescence were merely a feature of the change in band gap energy, similar shifts for both absorbance and luminescence would be expected; therefore, the above explanations are too simplistic to explain the electronic changes completely.
Beyond the observed blue shift in luminescence, there is little consistency in the literature. The results are highly dependent on the synthetic route taken. For example, in cation exchange procedures De Trizio et al. 60 found the Cu + was preferentially exchanged for Zn 2+ , but Park and Kim 72 as well as Wang et al. 54 found that it was In 3+ that was preferentially exchanged. One would expect Cu + and In 3+ to be exchanged in equal proportion with Zn 2+ to maintain S 2− valence. Therefore, these results speak to a deep complexity in exchange mechanism and likely inhomogeneity of composition and structure of the parent CIS nanocrystals between research groups and preparations. The exact location of Zn in the NCs also appears to be very dependent on the synthetic procedure. Some techniques that include a sulfur precursor provide a formal ZnS shell, indicated by an increase in particle size. 10, 54, 72 Others describe cation exchange behaviors that give alloyed shells 72 or complete alloying to CIZS. 54, 60, 75 A combination of these behaviors may also be present; 54 thus, distinguishing between shelled or alloyed NCs is difficult. Analysis by XRD is challenging because the reflections of CP CIS and ZnS are very similar and, while shifts toward ZB are often observed, the broad nature of reflections from NCs prevents resolution of a single alloyed set of reflections from pairs of reflections. Additionally, the resolution of energy-dispersive spectroscopy (EDS) mapping is too poor to show concentration gradients for the 2.5−3.5 nm NCs often studied. 60 However, elemental analysis by surfacesensitive X-ray photoelectron spectroscopy (XPS) combined with a inductively coupled plasma (ICP) spectroscopy has confirmed 73 or excluded 60 the existence of shells. Highresolution XPS has also been used to identify the incorporation of Zn into the crystal structure through perturbation of the Cu 2p binding energy. 60 It is important to note that the proportion of Zn incorporated can be large. For example, De Trizio et al. 60 prepared particles with composition Cu 0. 13 In 0.74 Zn 0.59 S 2 , and in the extreme case Zhang et al. 76 described the NCs, resulting from a one-pot synthesis, as a Cu dopant in a ZnInS 2 host. Elemental ratios in literature examples should be considered with scrutiny; the presence of unreacted cation precursors, sulfur reagents, and thiol ligands can result in compositional analysis errors. Additionally, the analysis techniques themselves can be It is unclear why Cu deficiencies lead to luminescent NCs in some syntheses, yet in others Cu deficiencies lead to plasmonic behavior and no luminescence.
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Perspective problematic. For EDS, many TEM sample holders give large Cu background signals even when using low-background support grids or sample holders. XPS is highly surface sensitive, and the presence of a shell can attenuate the signal of the core. Indeed, even 1−1.5 monolayers of a ZnS shell can decrease the apparent core 2p Cu signal by 50%. 73 For ICP−MS, interference by NO + and O 2+ can be problematic for the sulfur signal. 77 Furthermore, elemental analysis techniques that require acid digestion and oxidation must be performed carefully to avoid the formation of insoluble elemental sulfur. 78 Exposure to Cd 2+ is even more effective than Zn 2+ at increasing the luminescence intensity of CP CIS, with a QY of 86% reported. 10 The number of studies including CdS shelling is limited, because it negates the objective of low toxicity NCs, but the few provide an interesting contrast. Unlike ZnS, shelling procedures with Cd 2+ cause a much smaller blue shift 74 or even a red shift 10 of the luminescence combined with a red shift of the absorption onset. 74 Choi et al. 74 suggested that the incorporation of small Zn 2+ results in the contraction of the lattice, whereas the incorporation Cd 2+ , which has an ionic radius ∼1/3 larger than that of In 3+ or Cu + , 15 causes tensile stress. These stresses cause shifts in the band gap leading to a blue-or red-shifted luminescence, respectively. Again, this explanation alone cannot explain the array of results seen by other groups for Zn shelling, where magnitude of the blue shift of the absorption does not always match that of the fluorescence.
CIS NCs have potential application in a variety of fields including photocatalysis, photovoltaics, biomedicine, and LEDs. 1 In applications requiring good charge transport (eg. photovoltaics or photocatalysis), the presence of defects within the NC structure can disrupt the propagation of charge carriers; high quality, defect-free NC samples are sought, which consequently lack strong defect luminescence. 8 In contrast, for applications requiring a high fluorescence intensity (eg. bioimaging or light-emitting devices), the proportion of radiative defects within a sample should be maximized, while nonradiative decay paths should be passivated. 10 For this reason, applications requiring high fluorescence QY frequently use samples alloyed or shelled with Zn. To meet the potential of CIS, synthetic efforts are needed to improve these contrasting defect concentration and NC properties.
CIS is a particularly promising photocatalyst because of its high molar absorption coefficient and band gap in the visible region of the solar spectrum. Both CIS and Zn−Cu−In−S NCs have been shown to catalyze the photoreduction of H 2 from water. 79, 80 CIS and Zn−Cu−In−S NCs have also been used as visible photosensitizer for TiO 2 NCs (Figure 6a ) to drive the degradation of organic pollutants. The band alignment facilitates charge separation with excited electrons transferred from CIS to TiO 2 , while holes remain in the CIS domain. 81, 82 Photocatalytic activity can be further enhanced by fabricating hybrid NCs, which incorporate a metal and semiconductor domain into a single nanostructure (Figure 6b ). Typically, the Fermi level of the metal component is situated within the band gap of the semiconductor, promoting the transfer of excited electrons in the semiconductor conduction band into the metal domain. In contrast, holes remain localized in the semiconductor domain, causing separation of the two charges. This results in superior catalytic properties, as the probability of undesirable electron−hole recombination processes occurring is considerably reduced. 83, 84 Hybrid nanostructures have been successfully prepared, using CIS, Zn−Cu−In−S, and Cu−In− S-Se NCs with Au, Pt, and Pd 4 S domains. These systems show improved catalytic performance with respect to the bare semiconductor NCs. 85−87 The photostability of CIS hybrid NCs has not been studied with adequate depth, as it is expected to be one of the great advantages of CIS over CdS.
Quantum dots (QDs) have garnered significant scientific and industrial interest for use in third-generation solar cells because of their high absorption, low-cost, tunable band gap, and solution processability. 88, 89 Advances in synthesis and design have enabled the fabrication of photovoltaic devices with efficiencies >9%; 89 however, these "champion" devices contain toxic Pb or Cd chalcogenide NCs, limiting future commercial application. CIS provides a viable alternative to these materials; however, devices with CIS-based photoanodes often suffer from poor power conversion efficiencies of ∼2.5% 90 due to the abundance of defects present in the NCs. Defects cause both internal charge carrier recombination inside NCs and photoexcited electron recombination from the solar cell matrix to the QD sensitizer, lowering efficiency of the resulting device. However, promising results have recently been achieved by Pan et al. using Zn−Cu−In−S sensitized devices with a reported power conversion efficiency of 7.04% (Figure 6c) . 71 In this system, mercaptopropionic acid capped Zn−Cu−In−S NCs were dropcast onto a mesoporous TiO 2 film electrode and coated with ZnS. Cells were then constructed using a polysulfide electrolyte and a brass-based Cu 2 S counter electrode. The authors suggest that this large increase in efficiency is due to the use of CIS QDs with broad light absorption range, the type-I CIS/ZnS core/shell structure of the prepared NCs, and high NC loading in the cell, achieved by linker molecule exchange. This work is the first report of a Cd-or Pb-free QD sensitized solar cell with efficiency similar to that of its heavy metal containing analogues. 89 Alternatively, CIS has been used as a cathode material in dye-sensitized solar cells with an I − /I 3− electrolyte. 91 In a polysulfide electrolyte, it is likely that CIS will give high efficiencies but poor chemical stability, similar to Cu 2 S. 92, 93 Beyond being a nontoxic replacement for Cd-and Pb-based materials, CIS is especially promising in applications that take advantage of its large Stokes shift, such as solar concentrators, LEDs, and in vivo imaging. In solar concentrators, CIS absorbs sunlight and then emits light, directed into a waveguide ending at a photovoltaic. 94 CIS-CdS is predicted to be excellent for this application because it has a large absorption coefficient and high quantum yields. The large Stokes shift prevents reabsorption and allows for high luminescence transmission. For a two-dimensional design, the calculated flux gain was predicted to be three times that of the previously most promising material, defect emissive CdSe, which suffers from low quantum yields. 95 Beyond being a nontoxic replacement for Cd-and Pb-based materials, CIS is especially promising in applications that take advantage of its large Stokes shift, such as solar concentrators, LEDs, and in vivo imaging.
The use of CIS in light-emitting diodes (LEDs) has been carefully considered in the reviews of both Kolny-Olesiak et al. 17 and Zhong et al. 11 Briefly, electroluminescence from green to deep-red has been observed for devices that sandwich Zn−Cu−In−S/ZnS NCs between ITO and aluminum electrodes with organic electron and hole transport layers. 26,96−99 The large Stokes shift of emission prevents reabsorption in CIS-based LEDs, improving efficiency. The broad emission spectra of CIS-based NCs gives inferior color purity with respect to Cd-based devices yet is well-suited to the generation of white light. Several examples have been reported of devices incorporating CIS in combination with other emitters that have color-rendering indices above 90. ) and high stability (Figure 6d ). 98 The use of Zn−Cu−In−S NCs for in vivo imaging has been widely demonstrated (Figure 6e) . 9,74,103−113 Zn−Cu−In−S NCs have some distinct advantages in bioimaging systems, because they possess low toxicity and emission in the tissue transparency window. The long fluorescence decay of CIS allows the use of an increased delay time between photoexcitation and detection, resulting in a decrease of background autofluorescence. 104 Additionally, two-photon absorption has been observed for Zn−Cu−In−S NCs. 114 CIS NCs can thus be excited by wavelengths in the near-infrared spectral range, which corresponds to the region in which water and biological tissue do not strongly absorb.
For application in biological systems, water-soluble NCs must be prepared either via direct synthesis 115−119 or ligand exchange. 103, 104, 106, 111, 120 The rich chemistry of ligand exchange procedures has led not only to water solubility but also to the design of targeted nanoprobes for the imaging of specific cells. 105, 106, 108, 121 Recently, the use of Zn−Cu−In−S NCs has been expanded to other biomedical areas with applicability demonstrated in both biosensing 122−130 (Figure 6f ) and the formation of magnetofluorescent nanocomposites. 131 The latter can serve as a multimodal platform for either drug delivery or bioconjugation to targeting biomolecular probes. The wide variety of biological applications currently being reported and the advantageous properties of Zn−Cu−In−S NCs suggest that work in this field will show great progress in the near future.
In summary, we present here a comprehensive discussion of the chemical, optical and structural properties of CIS NCs. The complex chemistry associated with ternary and quaternary systems can lead to challenges in their synthesis, and many compositions and structures are accessible. A high level of synthetic control has now been achieved for CIS NCs, allowing the selection of shape, size, and structure. Furthermore, the ability to tune the optical band gap and luminescence characteristics of CIS NCs has been demonstrated. The relationships between synthesis, structure and optical properties are not 
Perspective always well characterized, and the fluorescence properties of these NCs have yet to be completely understood. Recent reports of CIS NC applications, in particular the observation of high power conversion efficiency from a CIS-based photovoltaic device, will renew and increase interest in this "green" material. With this in mind, the authors believe that the following challenges should be addressed and represent interesting questions to be considered in the field of colloidal semiconductor NCs.
Despite extensive reports on the subject, the mechanism behind radiative decay in CIS NCs has still not been confirmed. Understanding this mechanism will allow synthetic efforts to accurately target the luminescence properties and defect concentrations in CIS NCs, which are indispensable for application. The authors suggest that a study of the synthetic mechanism of formation of CP NCs in combination with spectroscopic techniques could help to confirm the identity of the fluorescent defect, as it has in the elucidation of the radiative decay mechanism for WZ CIS.
The abundance of intrinsic defects in ternary I−III−VI 2 systems leads to a number of advantageous properties, including tunable luminescence with composition, and a high tolerance to doping or alloying. However, it also promotes compositional inhomogeneity within NC samples leading to a variation in optical band gap and broadening of the luminescence peak. 16, 26 While monodispersity is often indicative of uniform composition, characterization of single-particle composition is rarely carried out for CIS NC syntheses. This should be carefully considered when reporting novel syntheses, particularly when quaternary systems are presented, such as Zn−Cu−In−S or Cu−In−Ga−S. The distinction between an alloyed quaternary system, a doped ternary system, and a shelled system must also be defined. Literature examples of Zn−Cu−In−S synthesized from CIS NCs frequently use these terms interchangeably and rarely characterize the resultant NCs completely. To apply these systems, the proportion and location of Zn atoms must be well described and their influence on the materials' optical properties must be understood.
Given that CIS is promoted as a low-toxicity replacement for heavy metal containing systems, a comprehensive understanding of the toxicity of these NCs must be developed in order for their potential to be fully realized. The stability of CIS NCs has also been identified as a challenge, and shelling with ZnS, 8, 9 2 134 can impart greater stability. While work toward determining toxicity and stability for both CIS and Zn−Cu−In−S NCs has begun, 60, 135 there is still considerable work to be done here.
The report of a high-efficiency Zn−Cu−In−S solar cell has renewed interest in this material for photovoltaic applications. 71 With further refinement of device design, additional improvements to power conversion efficiency are expected. Therefore, the potential exists for Zn−Cu−In−S NCs to become the preferred sensitizer for quantum dot solar cells. Recent advances in the tuning of NC surface chemistry have led to numerous possible applications for semiconductor NCs in biomedicine. 1, 136 Implementation of these techniques on CIS NCs could result in significant progress in this field.
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